Introduction
Pharmacogenetics and pharmacogenomics (PGx) are terms used to describe the relationship between drug responses and genetic variants. Many studies have now identified associated genes and/or drugs that are relevant to our understanding of PGx traits and integrating them into common clinical use remains an active challenge. Generally, PGx studies focus on both pharmacodynamics (PD) and pharmacokinetic (PK) effects. PD PGx effects are differences in patient response based upon genetic variants in drug target pathways or the drug targets themselves. Examples include the cancer drug irinotecan and the topoisomerase I gene (Hoskins et al. 2008) or drugs targeting the EGFR receptor. PK PGx effects are differences in patient response based upon genetic variants in pathways involved in metabolism or drug processing. For example, drug metabolic enzymes such as thiopurine methyltransferase (TPMT) or the cytochrome p450s are associated with PK effects. Drug transporters such as the ATP-binding cassette (ABC) transporters are also well known for their PK PGx effects (Ingelman-Sundberg 2005; Booth et al. 2011) .
Pharmacogenomics has a long rich history dating as far back as thousands of years, depending on the strictness of your definition (Nebert 1999 ). The past three or four decades have seen research activity accelerate dramatically (Phillips et al. 2001; Evans and McLeod 2003; Eichelbaum et al. 2006; Eichelbaum 2013) . Discovery of associated variants has proceeded through several paths, but many discovery studies have adopted one of three approaches: a candidate gene approach, where a relatively small number of genes are tested (Wang and Weinshilboum 2008) ; a genome wide association approach, where large numbers of markers are interrogated and tested (Crowley et al. 2009; Daly 2010; Motsinger-Reif et al. 2013) ; and a hybrid approach, Abstract Understanding the role genes and genetic variants play in clinical treatment response continues to be an active area of research with the goal of common clinical use. This goal has developed into today's industry of pharmacogenomics, where new drug-gene relationships are discovered and further characterized, published and then curated into national and international resources for use by researchers and clinicians. These efforts have given us insight into what a pharmacogenomic variant is, and how it differs from human disease variants and common polymorphisms. While publications continue to reveal pharmacogenomic relationships between genes and specific classes of drugs, many challenges remain toward the goal of widespread use clinically. First, the clinical guidelines for pharmacogenomic testing are still in their infancy. Second, sequencing technologies are changing rapidly making it somewhat unclear what genetic data will be available to the clinician at the time of care. Finally, what and when to return data to a patient is an area under constant debate. New innovations such as PheWAS approaches and whole genome sequencing studies are enabling a tsunami of new findings. In this review, pharmacogenomic variants, pharmacogenomic resources, interpretation clinical guidelines and challenges, such as WGS approaches, and the impact of pharmacogenomics on drug development and regulatory approval are reviewed.
where entire genome or exome sequences are interrogated for novel variants that may influence PGx (Price et al. 2012) . More recently, direct approaches employing medical records have been used as well (Neuraz et al. 2013) .
Different countries have constructed their own research infrastructure for discovering and implementing PGx findings. In the US, the Pharmacogenomics Research Network (PGRN) has been active for more than a decade (Giacomini et al. 2007) . Similarly, in Canada, the Canadian Pharmacogenomics Network for Drug Safety is identifying novel markers for adverse drug events (Ross et al. 2010 ). There are also specific evolving drug or gene research communities, sometimes coordinating large studies to increase power to detect effects, such as the International Warfarin Consortium (Owen et al. 2008; Johnson et al. 2011 ). The Royal Dutch Association for the Advancement of Pharmacy has developed a Pharmacogenetics Working Group which has made recommendations on more than 53 drugs (Swen et al. 2011 PGx effects are often described from either a drug or a genotype centric point of view. For example, the drug centric view of warfarin (Coumadin) has clinical dosing guidelines available for genotypes in the VKORC1 gene and the CYP2C9 gene (Johnson et al. 2011) . Conversely, CYP2C19 genotypes influence the dosing of several drugs including amitriptyline, clomipramine, doxepin, imipramine, and trimipramine (and others, as of this writing, without official dosing guidelines) (Li-Wan-Po et al. 2010) . Clinical interpretation and dosing guidelines focus on the drug centric view, that is, how physicians will generally face PGx data in the clinic (Scott 2013) .
How sequencing technologies evolve and get integrated into a clinical setting are playing an important role in the development of clinical tests for PGx. As described succinctly by Relling and Klein (Relling and Klein 2011) , incorporating patient level pharmacogene data pre-emptively would increase the ease with which a physician could check PGx relationships with treatment options. Indeed, to address this challenge, Vanderbilt University Medical Center and St. Jude Children's Research Hospital have begun programs to genotype prospectively in patients under certain criteria (Relling and Klein 2011; Pulley et al. 2012) . As whole genome and whole exome sequencing approaches begin to take root in clinical care, understanding the genetic effects on a prescription and treatment will become more readily available to the clinician. While initial results were promising , much work, however, needs to be done to translate a genome to clinical utility as many variants of clinical interest are not well covered in the sequence, particularly insertions and deletion variants (Dewey et al. 2014 ).
Approaches to discovering pharmacogenomic relationships
Like much of modern human genetics study design, PGx has had an explosion of genome wide association studies (GWAS) over the past decade, and now there is much interest in discoverable PGx effects from whole exome sequencing (WES) or whole genome sequencing (WGS) studies (Motsinger-Reif et al. 2013) . PGx variants do not necessarily occur within coding regions, or even within the genes themselves. While many amino acid substitutions are known to cause PGx effects, variants that affect transcript splicing, microRNA binding or regulation of transcription are also known. Further complicating our understanding of functional PGx variants are marker variants discovered through population based association studies that may not be causative, but perhaps are statistically associated with the causative marker or markers in the population it was discovered in (linkage disequilibrium) (Ardlie et al. 2002) . Some variants can be quite befuddling to the geneticist, such as the complicated landscape of CYP2D6 variants which are diverse, of variable functionality and highly polymorphic including whole gene duplications (IngelmanSundberg 2005) . This emphasizes the need for detailed clinical guidelines that will evolve as new associations and adverse event risks are discovered.
Candidate gene approaches have been used for many years to discover PGx effects. Many genes in PGx, particularly PK pathways, are promiscuous for affecting different drugs or drug classes. CYP2D6, for example, has been associated with more than 50 drug substrates, and, since it is highly polymorphic, has many important PGx associations [(Ingelman-Sundberg 2005) and http:// en.wikipedia.org/wiki/CYP2D6]. Due to this promiscuity, genes such as the cytochromes, the ABC transporters, or other metabolic enzymes are commonly used as targets in studies, where specific genotypes or sequencing is performed to confirm existing or to discover new associations with treatment outcomes, respectively. Advances in high throughput sequencing have led to the development of PGRNseq, a platform for sequencing VIP pharmacogenomic genes (Gordon et al. 2012) .
More recently, GWAS has become highly relevant to PGx research and many reviews have been written on GWAS approaches in pharmacogenomics (Daly 2010 (Daly , 2012 Ritchie 2012) . To enable researchers to have access to patient level data for reanalysis and meta-analysis, several resources are available containing GWAS (and candidate gene) studies (see below). Now custom pharmacogenomic SNP assay chips are available for testing specific variants important for PGx .
Today PGx relationships can be discovered from the medical record directly if the patients are genotyped and matched with the record using the Phenome Wide Association Study (PheWAS). This is a recent innovative approach that shows much promise to discovering PGx variants and has been employed in several studies (Denny et al. 2010 (Denny et al. , 2013 . A PheWAS study takes an approach that is reminiscent of model organism in silico association studies, where strains of rodents or invertebrate models of known genotype are phenotyped and associated (Guo et al. 2007 ). One of the early studies employing this approach re-identified the VKORC1 gene as associated with Warfarin dose in strains of mice, where genotype was known and the individual dose of strains was determined (Guo et al. 2006 ). In the PheWAS approach, electronic health record (EHR) data can be used to associate particular diagnoses, lab tests, or other phenotypic data with a population matched to genetics. As a proof of principle, PheWAS studies have been used by the eMERGE consortium to re-identify several GWAS phenotypes (McCarty et al. 2011) .
Recently, the PheWAS approach was applied to TPMT enzyme activity, ICD-10 and biological test results to identify phenotypes associated with TPMT activity levels (Neuraz et al. 2013) . A total of 442 patients were identified from an electronic medical record that had a TPMTa test performed, an ICD-10 code and a biological test result, along with evidence of thiopurine treatment. Many ICD codes were associated, including anemia which has been previously associated with thiopurines (Gisbert and Gomollon 2008) .
Computer models of PGx variants
Many groups have developed computational approaches to predict and discover potential PGx genes or variants using a variety of datasets (Garten et al. 2010) . Concurrently, many tools have been constructed to predict missense (amino acid substitutions) likely to be disease causing such as PolyPhen-2 (Adzhubei et al. 2013) and MutPred (Li et al. 2009 ). Fewer tools have been developed to predict regulatory variants (Zhao et al. 2011; Ritchie et al. 2014 ) and variants associated with mRNA splicing sensitivity (Mort et al. 2014) . Our group evaluated similar approaches on missense variants associated with PGx and found difficulties in developing accurately predictive algorithms . The challenges were two-fold, first, the database of known validated missense variants of high confidence was somewhat small (126) compared to other approaches such as MutPred (>10,000) and second, features used for classification of disease variants were not necessarily informative for PGx variants. We found that PK variants were easier to predict than PD variants, likely due to their lack of diversity compared to the diversity of target and target pathways, however, features such as sequence conservation were not particularly informative (not shown).
Resources to collect and curate pharmacogenomic variants
Many resources now exist to curate pathogenicity or clinical effects of disease or other phenotype associated variants. These include the Human Gene Mutation Database (HGMD) (Stenson et al. 2012 ), OMIM and ClinVar for disease variants (Landrum et al. 2014) , dbSNP for unannotated variants in the human population and others (Glubb et al. 2013) . Seeing the future wealth of genetic associations to outcomes of drug and clinical treatments, the National Institutes of Health funded the laboratory of Prof. Russ Altman and Teri Klein at Stanford University School of Medicine to create the Pharmacogenomics Knowledgebase (PharmGKB) to act as a data coordination center for the growing network of pharmacogenomics researchers and to synthesize their findings into a useful resource for clinical interpretation and for researchers characterizing pharmacogenes . PharmGKB curates both variants and so-called VIP genes that are highly studied and have significant reproduced associations. To disentangle the complexities of gene-drug associations, PharmGKB has developed a list of, as of this writing, 51 'VIP' genes, that have curated a list of clinically useful associations, variant annotations, dosing guidelines, and drug label information. The overall VIP text is similar in style to OMIM disease genes and is actively curated by submitters and curators.
Today, in the US, there are many resources containing PGx data. Both the genetic study resources dbGAP and PharmGKB store PGx study GWAS data (Glubb et al. 2013) . A new consortium of NIH funded investigators, ClinGen, aims to collect clinically relevant variants including PGx variants (Ramos et al. 2014 ). This consortium collaborates both with PharmGKB and ClinVar, the clinically important variant database at the NIH. Elsewhere, the European Bioinformatics Institute (EBI) has recently increased genetic variant curation activities that may include PGx variants (Brooksbank et al. 2014) . Further, the Human Variome Project (HVP) is continuing to develop country data collection nodes and develop standards for data collection and practical interpretation (Oetting et al. 2013) . Recently, BioBase introduced a new product, the Pharmacogenomic Mutation Database (PGMD) that is available by license (http://www.biobase-international.com/ product/pgmd). Obviously, the early stages of this effort are very complicated, as many resources exist, however, PharmGKB remains central to all efforts.
Clinical Pharmacogenomics Implementation Consortium development process and guidelines
The pharmacogenomics community has recognized the need for clinical guidelines on the use of pharmacogenomic tests. To that end, the community of PGx and clinical interests coalesced to develop implementation guidelines for genetics, thus the Clinical Pharmacogenomics Implementation Consortium (CPIC) was formed (Relling and Klein 2011) . As of this writing, 26 CPIC Dosing guidelines for drugs have been published and are available from PharmGKB (http://www.pharmgkb.org/page/cpic). Each guideline is published as a reviewed manuscript. In addition to characterizing VIP genes and disseminating clinical guidelines, PharmGKB has developed Clinical Annotation Levels of Evidence (https://www.pharmgkb.org/page/clinAnnLevels). The levels of evidence include preliminary (Level 4), low (Level 3), moderate (Levels 2a and 2b) and high (Level 1a and 1b). Level 2a are combinations that are present in known VIP genes, and Level 1a is a combination with an existing CPIC or other clinical implementation guideline. Now tools such as the Coriell Pharmacogenomics Appraisal, Evidence Scoring and Interpretation System (PhAESIS) are enabling PGx practice (Gharani et al. 2013; Huang and Gamazon 2013) . Further, experiences implementing a practicing PGx program in a medical center that are described from the perspective of genetics professionals argue for a collaborative approach between geneticists, pharmacologists, informaticians and medical practitioners (Sturm et al. 2013 ).
Whole genome sequencing and interpretation of pharmacogenomic data
Through cost reduction in sequencing technologies and the expansion of whole genome sequencing, whole genome sequencing application is close to become clinically viable. If entire genomes could be matched to a patient's medical record, prospective genetic testing becomes possible and will not burden the physician or other clinician with ordering (and waiting for) genetic tests. A first step toward interpretation of pharmacogenetic variants in a whole genome sequence was published in 2010 . In that work, pharmacogenomic whole genome profiling results were initially classified into three groups, (a) Pharmacogenomic effects that increase likelihood of positive effects, few side effects or predictable dosing, (b) Pharmacogenomic effects that increase likelihood of adverse events, lack of efficacy or uncertain dosing, and (c) Pharmacogenomic effects that are mixed and hard to integrate . In a recent more extensive study, patients with whole genome sequences were compared to the Clinical Pharmacogenomic Implementation Guidelines to identify variants present in 12 individuals of PGx relevance, identifying variants and haplotypes in several genes including CYP2C19, CYP2D6, TMPT, CYP2C9, and VKORC1 .
Much of the challenges of whole genome sequencing lie in the costs of sequencing technologies and regulation surrounding using sequencers as a medical device. The recent FDA authorization of a genetic sequencer, the Illumina MiSeqDx, raises expectations that these will increase the impact of PGx tests in the clinic (Sheridan 2014) . Concurrently the personal genomics industry has exploded to meet the needs of whole genome interpretation, although many barriers still remain (Allison 2010) , and regulatory challenges are playing an evolving role in application of genetic testing of PGx markers.
Warfarin
Few therapies have been discussed for pharmacogenomic effects as much as Warfarin (Coumadin). Warfarin dose is associated with variants in the CYP2C9 and VKORC1 genes, and an abundance of other clinical factors. Warfarin is notoriously tricky to dose because individual response is variable over a narrow therapeutic range (Lee and Klein 2013) . In 2013, The Warfarin Dose Refinement (DR) Collaboration has developed a website to aid in Warfarin dosing at http://warfarindosing.org/. Clinical studies have shown mixed results. Studies in 2013 have shown improvement (Pirmohamed et al. 2013 ) and a lack of improvement of using genetics as part of a dosing algorithm (Kimmel et al. 2013; Verhoef et al. 2013) . While this story has not concluded, a recent meta-analysis has suggested that a genotype-guided dosing strategy does not reduce major adverse events associated with Warfarin (Stergiopoulos and Brown 2014) .
Cancer Pharmacogenomics
Targeted therapies in cancer require knowledge of the patterns of somatic mutations within a specific tumor, and further, specific inherited variants may lead to lower adverse events and side effects (McLeod 2013) . A recent review highlights the challenges that are important in this area (Wheeler et al. 2013) . Much effort has been spent studying tamoxifen response and CYP2D6, a well known functionally polymorphic metabolic enzyme ).
Whether variants in CYP2D6 associated with outcomes in breast cancer patients with ER-positive tumors continue to be debated (Brauch and Schwab 2014) .
The role of pharmacogenetics in drug development
As research continues and knowledge grows surrounding PGx, there is increasing interest in use of PGx in the drug discovery and approval process. This role involves both premarket drug development and in the development of labeling for available drugs. The US Food and Drug Administration (FDA) has been supporting these efforts for a decade (Zineh and Pacanowski 2011) and recently, the FDA released nonbinding clinical guidelines on these topics in January 2013 (FDA 2013) . Some of the areas addressed include use of PGx approaches in Phase 1 and 2 studies, use in design of phase 3, and considerations for clinical study design. Labeling should be considered if it is relevant to PGx, including informing of an impact or no impact, whether testing is available and under what circumstances it should be recommended.
Future
Overall steady progress is being made toward pervasive application of PGx testing. This is being enabled by substantial research efforts of geneticists and informaticians to describe and validate variants associated with a clinical effect. However, there have been many successes in pharmacogenomics so far. First, data resources and clinical guidelines are continuing to grow and be developed. Second, the growth in pharmacogenomics is being fueled by new approaches for discovery such as whole genome sequencing and integration of sequence data with electronic health records (PheWAS). Third, the algorithmic toolbox for characterizing and applying previously discovered variants to human genomes continue to be evaluated and improved in terms of coverage of sequencing of PGx variants, methods for interpretation and clinical assessment. Many challenges remain, including keeping up with the complex regulatory landscape, new sequencing technologies and approved devices, translating research successes to clinical successes and discovering new markers.
